Acetaminophen (APAP) overdose is the most frequent cause of drug-induced acute liver failure. Schisandra sphenanthera is a traditional hepato-protective Chinese medicine and Schisandrol B (SolB) is one of its major active constituents. In this study, the protective effect of SolB against APAP-induced acute hepatotoxicity in mice and the involved mechanisms were investigated. Morphological and biochemical assessments clearly demonstrated a protective effect of SolB against APAP-induced liver injury. SolB pretreatment significantly attenuated the increases in alanine aminotransferase and aspartate aminotransferase activity, and prevented elevated hepatic malondialdehyde formation and the depletion of mitochondrial glutathione (GSH) in a dose-dependent manner. SolB also dramatically altered APAP metabolic activation by inhibiting the activities of CYP2E1 and CYP3A11, which was evidenced by significant inhibition of the formation of the oxidized APAP metabolite NAPQI-GSH. A molecular docking model also predicted that SolB had potential to interact with the CYP2E1 and CYP3A4 active sites. In addition, SolB abrogated APAP-induced activation of p53 and p21, and increased expression of liver regeneration and antiapoptotic-related proteins such as cyclin D1 (CCND1), PCNA, and BCL-2. This study demonstrated that SolB exhibited a significant protective effect toward APAP-induced liver injury, potentially through inhibition of CYP-mediated APAP bioactivation and regulation of the p53, p21, CCND1, PCNA, and BCL-2 to promote liver regeneration.
. Furthermore, compensational liver regeneration is a vital process for survival after APAP-induced toxic insult (Bajt et al., 2003) . It was demonstrated that p53/p21 signaling pathway plays an important role in regulating cell growth, DNA repair, and apoptosis which is related to liver regeneration (Vogelstein et al., 2000) , and APAP exposure induces p53 and p21 expression in vitro and in vivo (Chiu et al., 2003; Ray et al., 2001) .
Schisandra sphenanthera, the dried ripe fruit of S. sphenanthera Rehd. et Wils, is a traditional Chinese medicine widely used in China, Japan, and Korea for its protective effects in liver, kidney, and heart (Panossian and Wikman, 2008) . The whole extract and the components in the extract were shown to possess hepatoprotective effects against viral or chemical hepatitis (Teraoka et al., 2012; Zhu et al., 2000) . Most recently, we found that Wuzhi Tablet (a preparation of the ethanol extract of S. sphenanthera) exhibits a significant hepatoprotective effect against APAP-induced liver toxicity (Bi et al., 2013) . Schisandrol B (SolB) is one of the most important active components isolated from S. sphenanthera. However, whether SolB exerts a beneficial effect in preventing APAP-induced hepatotoxicity and what mechanisms are involved in remain largely unclear.
This study aimed to explore whether SolB could protect against APAP-induced hepatotoxicity and to determine what molecular pathways were involved in the hepatoprotection. SolB was found to exhibit remarkable dose-dependent hepatoprotection against APAP-induced injury, potentially through inhibition of cytochrome P450 (CYP)-mediated APAP bioactivation and regulation of the p53, p21, cyclin D1 (CCND1), proliferating cell nuclear antigen (PCNA), and B cell lymphoma/lewkmia-2 (BCL-2) to promote liver regeneration.
MATERIALS AND METHODS
Chemicals and reagents. SolB with 98% purity was purchased from Shanghai Winherb Medical Science and Technology Development Co. Ltd. (Shanghai, China). NADPH tetrasodium salt was obtained from AppliChem (Darmstadt, Germany). APAP, L-GSH, loratadine (LOR, 99.4% purity, internal standard), phenacetin (PHE), paracetamol (PAR), chlorzoxazone (CHL), 6-hydroxychlorzoxazone (OHCHL), nifedipine (NIF), dehydronifedipine (DNIF), 4-methylpyrazole (4-ME), ketoconazole (KET), a-naphthoflavone (a-NF), and other chemicals, unless indicated, were obtained from Sigma-Aldrich Chemical Co. (St. Louis, Missouri).
The mouse monoclonal anti-p53 was obtained from Abcam (Cambridge, UK). Rabbit anti-BCL-2 and anti-GAPDH were all purchased from Cell Signaling Technology (Danvers, Massachusetts). The goat polyclonal anti-CYP3A11 and mouse monoclonal anti-p21 were acquired from Santa Cruz Biotechnology (Santa Cruz, California). The rabbit antiphosphorylated p53, anti-CCND1, anti-PCNA, and anti-cyclin D-dependent kinase 4 (CDK4) were purchased from Sangon Biotechnology (Sangon Tech, Shanghai, China). The rabbit polyclonal anti-CYP2E1 and anti-CYP1A2 antibodies were obtained from Boster Biotechnology (Boster, Wuhan, China). The peroxidase-conjugated antirabbit immunoglobulin G (IgG) and antimouse were purchased from Cell Signaling Technology (Danvers).
Experimental animals and treatment. Male C57BL/6 mice (6-8 weeks old, 20-22 g) were supplied by the Laboratory Animal Service Center at Sun Yat-sen University (Guangzhou, China). The animal room was maintained at 23 6 1 C with a 12-h light-dark cycle and 55 6 5% humidity. Mice were randomly divided into six groups: (1) Vehicle, (2) SolB (200 mg/kg/d), (3) APAP (400 mg/kg) þ vehicle, (4) APAP (400 mg/kg) þ SolB (12.5 mg/kg/d), (5) APAP (400 mg/kg) þ SolB (50 mg/kg/d), and (6) APAP (400 mg/kg) þ SolB (200 mg/kg/d). The preparation of SolB for oral administration was made by suspending it in 0.5% [w/v] sodium carboxymethyl cellulose (CMC-Na). SolB (6.25, 25 , and 100 mg/kg) was gavaged to mice seven times with an interval of 12 h. The control group and APAP group were administered a 0.5% CMC-Na solution. For APAP treatment, APAP was dissolved in a saline solution and administered by intraperitoneal (i.p.) injection at a single dose of 400 mg/kg, and the untreated control group and SolB alone group were injected i.p. with saline solution. For the SolB/APAP group, 15 min after the seventh dose of SolB, APAP was given by i.p. injection. All mice were killed at 1 or 6 h after APAP treatment. Serum samples were collected and the liver was harvested, a portion of the liver was collected in 10% buffered formalin for histology and the remaining tissue was flash frozen in liquid nitrogen and stored at À80 C for further use.
Histological and biochemical assessment. Liver tissues were immediately formalin-fixed, paraffin embedded, cut into sections, and stained with hematoxylin and eosin (H&E) following a standard protocol. H&E-stained liver sections were used to assess liver damage using a LEICA DM5000B Microscope (Leica, Heidelberg, Germany). APAP-induced liver injury was also evaluated by measuring serum alanine transaminase (ALT) and aspartate transaminase (AST) catalytic activities. ALT and AST levels were determined using a Beckman Synchron CX5 Clinical System and a commercial reagent kit (Kefang Biotech, Guangzhou, China) according to the manufacturer's protocol.
Total GSH levels in the liver and liver mitochondria extracts were measured using a GSH assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Liver mitochondria were isolated by differential centrifugation following the assay kit's instruction (Sangon Tech).
LC-MS/MS analysis of NAPQI-GSH. The oxidized APAP intermediate NAPQI, formed in mice microsomal incubation system, was trapped by GSH and determined by a previously reported LC-MS/MS method with slight modifications (Tan et al., 2008; Wang et al., 1996) . Briefly, the incubation mixture of 150 ll contained 0.5 mM APAP, 5 mM GSH, SolB (0, 2.5, 5, 10, 20, 40 , and 80 lM) or positive inhibitor (4-ME at 5 lM for CYP2E1 or KET at 1.1 Mm for CYP3A11), mouse liver microsomes (containing 30 lg protein), 0.4 mM NADPH, and potassium phosphate buffer (50 mM, pH 7.4). The reaction was initiated by adding the NADPH, after a 10-min incubation at 37 C. The reaction was quenched by adding 300 ll ice-cold acetonitrile. The reaction mixtures were centrifuged at 16 000 Â g for 15 min and the supernatant was used for analysis of APAP-GSH conjugate formation. The sample was analyzed using Ultimate 3000 UPLC system (Dionex Corporation, Sunnyvale, California) interfaced with triple quadrupole mass spectrometer (TSQ Quantum Access, Thermo Fisher Scientific, Waltham, Massachusetts).
Chromatographic separations were performed on Hypurity C18 5 lm column (150 mm Â 2.1 mm, Thermo Fisher Scientific). The samples were eluted with 2% acetonitrile (v/v in water) and 0.1% (v/v) formic acid at a flow rate of 0.5 ml/min. Electrospray positive ionization mode (ESI þ ) was used for NAPQI-GSH analysis. Selective reaction monitoring (SRM) experiments using m/z 457.1-328.1 was performed to profile and quantitate NAPQI-GSH.
Measurement of liver CYPs activity. CYP2E1, CYP1A2, and CYP3A4 (mouse CYP3A11 is a homolog to human CYP3A4) are responsible for APAP oxidation to NAPQI. The effect of SolB on the activity of CYPs was performed using a LC-MS/MS-based "cocktail" incubation approach as previously described with slight modifications (He et al., 2007) . Briefly, various concentrations of SolB (2.5, 5, 10, 20, 40, and 80 lM) or positive inhibitor (a-NF at 0.2 lM for CYP1A2, 4-ME at 5 lM for CYP2E1, or KET at 1.1 mM for CYP3A11) and the mixed CYPs probe substrates (PHE for CYP1A2, CHL for CYP2E1, and NIF for CYP3A11) were "cocktail" incubated with mouse liver microsomes. The metabolites (PAR/ OHCHL/DNIF) of these CYPs probe substrates in all samples were determined using previously developed LC-MS/MS method.
Molecular docking. Molecular docking analysis was performed by the CDOCKER protocol of Accelrys Discovery Studio 2.5 and Discovery Studio Visualizer 3.5 (Accelrys Software Inc., San Diego, California). The crystal structures of CYP2E1 (PDB: 3E4E) and CYP3A4 (PDB: 3NXU) were adopted as receptor for molecular analysis (Porubsky et al., 2008; Sevrioukova and Poulos, 2010) . The active sites of CYPs were defined according to the internal ligand's binding. The hydrogen positions were optimized with CHARMm force field. The molecules of SolB were selected based on the ability of the chemical structures to generate structurebased pharmacophore, selecting the lowest ranks in the CDOCKER Interaction Energy tactic and visually examining the binding conformation of the docking poses.
Western blot analysis. Western blot analysis was performed as described in a previous report . Briefly, protein extracted from liver tissue was prepared using RIPA lysis buffer (Biocolors, Shanghai, China) according to the manufacturer's instructions. Protein concentrations were assayed by bicinchoninic acid (BCA) protein assay (Thermo Scientific, Rockford, Illinois). Every sample was normalized to the 40 mg of protein concentration. Protein extracts were separated in 8%-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto polyvinylidene fluoride membranes (Millipore, Bedford). After blocked with 5% BSA or 5% nonfat dry milk in Tris-buffered saline, and the membranes were incubated with primary antibody overnight. Specific bands were detected using an electrochemiluminescence (ECL) detection kit (Engreen Biosystem, Beijing, China) and exposed to an X-ray film (GE Healthcare, Piscataway, New Jersey). The intensity of protein bands was analyzed using Quantity One software (Bio-Rad Laboratories, Hercules).
Statistical analysis. Data were expressed as mean 6 standard error of the mean (SEM). One-way ANOVA followed by unpaired Student's t test or Dunnett's multiple comparison post hoc test was used for statistical analysis of data using GraphPad Prism 5 (GraphPad Software Inc., San Diego, California). P < 0.05 were considered significant.
RESULTS

Protective Effect of SolB Against APAP-Induced Hepatotoxicity
Morphological and histological assessments clearly indicated that treatment with 400 mg/kg APAP for 6 h caused massive hepatotoxicity as evidenced by severe liver cell necrosis (60%-70%) and focal intrahepatic hemorrhage (50%-60%). Pretreatment with SolB at different doses for 3 days before APAP treatment resulted in marked protection against APAP-induced liver injury as indicated by morphological and histological results (Fig. 1A) . APAP toxicity was also indicated by serum ALT and AST activities that were markedly increased by APAP treatment (11 900 6 1270 U/l and 12 600 6 1700 U/l, respectively) (Figs. 1B and 1C) . Pretreatment with SolB at doses of 50 and 200 mg/kg significantly attenuated the increases of ALT activity to 6420 6 1390 U/l (À46%, P < 0.05) and 3800 6 515 U/l (À68%, P < 0.001). Consistently, the serum AST levels were significantly attenuated to 6350 6 1210 U/l (À50%, P < 0.05) and 3790 6 1410 U/l (À70%, P < 0.01) after pretreatment with SolB at 50 and 200 mg/kg. APAP administration is typically accompanied by a decrease in GSH. Treatment with 400 mg/kg APAP during the first 1 h resulted in a sharp hepatic GSH depletion of about 65% of the control values, whereas SolB pretreatment leaded to a delayed or less GSH depletion of about 15% of the control values, suggesting SolB may inhibit the metabolic activation of APAP. The total hepatic GSH and mitochondrial GSH levels at 6 h after APAP dosing showed similar change trends in the absence or presence of SolB but the GSH depletion was less than that at 1 h may due to a better GSH recovery or a SolB-induced GSH elevation ( Figs. 2A-2D ). Taken together, these histological and biochemical results clearly demonstrated that SolB could protect against APAP-induced liver injury in a dose-dependent manner.
Effects of SolB on APAP Metabolic Activation APAP-induced hepatotoxicity is initiated by CYP-mediated bioactivation that converts APAP to NAPQI. To determine whether pretreatment with SolB inhibited APAP bioactivation, liver microsome were incubated with APAP alone and with SolB or CYP inhibitors, then the oxidized APAP intermediate NAPQI was trapped by GSH and NAPQI-GSH was detected by a LC-MS/MS method. The production of NAPQI-GSH after coincubation with SolB was shown in Figures 3A and 3B . It was observed that pretreatment with SolB significantly inhibited the formation of the oxidized APAP metabolite NAPQI in a dose-dependent manner, the levels of NAPQI-GSH were decreased with the increase of SolB. Compared with the control (APAP alone), the positive inhibitors 4-ME for CYP2E1 and KET for CYP3A11 effectively inhibited NAPQI-GSH levels to 14% and 25%; SolB at 5, 10, 20, 40, and 80 lM can significantly inhibit NAPQI-GSH levels to 66%, 43%, 24%, 18%, and 15%, respectively.
Effect of SolB on the Expression and Activity of CYPs Involved in APAP Bioactivation APAP metabolic activation and the formation of NAPQI were mediated by CYPs, thus the effect of SolB on the activity and protein expression of CYPs was determined. The inhibitory effects of positive inhibitors and SolB on CYPs activity were shown in Figures 4A-4C . The typical inhibitors a-NF, 4-ME, and KET effectively inhibited CYP1A2, CYP2E1, and CYP3A11 activities to 38%, 36%, and 20% of the control, respectively. The activities of CYP2E1 and CYP3A11 were markedly inhibited by SolB, whereas the CYP1A2 activity was not significantly inhibited. The activity of CYP2E1 was inhibited by SolB in a dose-dependent manner. CYP3A11 activity was significantly inhibited by SolB in a dose-dependent manner and the IC 50 value against CYP3A11 was 7.8 lM. As for the enzyme expression, SolB treatment resulted in an increase in CYP1A2 protein but there was no significant difference compared with the vehicle group; and had no effect on the protein level of CYP2E1. However, SolB can significantly induce the protein expression of CYP3A11 to 2.5-fold compared with the vehical group (Figs.  4D-4G ).
To further validate the inhibitory effect of SolB on CYP2E and CYP3A activities, the molecular binding modes of SolB with CYP2E1 and CYP3A4 were investigated and a computational docking model was established. The binding modes of SolB and 4-ME with CYP2E1 complex were demonstrated (Fig. 5A) , and its CDOCKER Interaction Energy were À35.8 and À13.2 kcal/mol, respectively. In particular, hydroxyl of SolB could form a hydrogen bond with Ala438 with distances of 3.9 Å (Fig. 5B) . Meanwhile, as shown in Figure 5C , the binding /kg) . B and C, Serum ALT and AST activities (n ¼ 6). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with APAP group, # P < 0.05, ## P < 0.01, and ### P < 0.001 compared with vehicle.
FIG. 2.
Change in GSH levels at 1 or 6 h after 400 mg/kg dose of APAP in the absence or presence of SolB (200 mg/kg). A and B, Levels of total and mitochondria GSH at 1 h (n ¼ 6). C and D, Levels of total and mitochondria GSH in livers at 6 h (n ¼ 7). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with APAP group, # P < 0.05, ## P < 0.01, and ### P < 0.001 compared with vehicle.
complex of SolB and KET had a stronger CDOCKER Interaction Energy in CYP3A4 (À43.1 and À53.2 kcal/mol), which was in line with the result of enzyme activity. SolB could form two hydrogen bonds with Arg105, with distances of 4.7 and 5.8 Å . Moreover, the benzene rings of SolB formed one potential Pi interaction with Arg105 (Fig. 5D ). This docking model predicted that SolB has potential to interact with CYP2E1 and CYP3A4 active sites, which was in line with the result of enzyme activity that the activity of CYP3A11 and CYP2E1 was inhibited by SolB with a dose-dependent manner.
Effect of SolB on the Downstream Signals Involved in Liver Regeneration
The protein expression levels of p-p53, p53, and the downstream genes involved in liver cell proliferation such as p21, CCND1, CDK4, PCNA, and apoptosis protein BCL-2 were also determined. A marked increase in p-p53, p53, and p21 protein expression was observed in the APAP group (3.0-, 2.5-, and 3.3-fold higher than that in vehicle group, respectively), whereas SolB reversed this increase (Figs. 6A-6D ). In addition, SolB alone and SolB/APAP cotreatment further enhanced protein levels of the downstream genes such as CCND1, PCNA, and BCL-2. and SolB. B, Formation of NAPQI-GSH conjugates in mouse liver microsomes. Data are expressed as means 6 SEM (n ¼ 5). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control (APAP alone).
FIG. 4.
The effects of SolB on the activity and expression of CYPs. A-C, Inhibitory effects of SolB on CYP1A2, CYP2E1, and CYP3A11 activity were measured by cocktail substrates assay in vitro. Data are expressed as means 6 S.E.M. (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group (D) protein expressions of CYP1A2, CYP2E1, and CYP3A11 were measured by Western blot. E-G, Specific band intensity was quantified, normalized to GAPDH, and expressed as means 6 SEM (n ¼ 3). *P < 0.05, **P < 0.01, ***P < 0.001 compared with APAP group, # P < 0.05, ## P < 0.01, and ### P < 0.001 compared with vehicle.
Pretreatment with SolB alone significantly increased the CCND1, PCNA, and BCL-2 protein expression by 3.9-, 4.3-, and 1.4-fold higher than that in vehicle group, whereas SolB/APAP cotreatment significantly increased their expression by 3.1-, 6.9-, and 3.1-fold higher than that in the APAP group. However, down regulation of CDK4 by APAP was not be reversed by SolB. These data indicated that SolB influenced p53 and downstream pathways involved in liver cell proliferation and apoptosis and promotes liver regeneration, which may partially contribute to the hepatoprotective effect of SolB against APAP-induced liver injury.
DISCUSSION
Schisandra species have been widely used for the treatment of hepatitis as a well-known traditional Chinese herb (Liu, 1989) . In the United States, extracts of Sphenanthera are often combined into multicomponent dietary supplement formulations that are marketed to enhance the function of liver and other organs (Gurley et al., 2012) . Recently, Wuzhi Tablet (a preparation of the ethanol extract of S. sphenanthera) was found to have a significant hepatoprotective effect against APAP-induced liver toxicity (Bi et al., 2013) . Most recently, it was reported that Schisandrin B, one of the active components isolated from Schisandra, could attenuate APAP-induced hepatotoxicity through heat-shock protein 27 and 70 (Li et al., 2014) . SolB is one of the most important active components isolated from the extract of S. sphenanthera. However, it is not known whether SolB exhibits hepatoprotection against APAPinduced liver injury. Thus, the current study aimed to investigate whether SolB exerts a beneficial effect in preventing APAP-induced hepatotoxicity and what mechanisms are involved. The present data clearly demonstrated that SolB exhibits hepatoprotection against APAP-induced liver injury in a dose-dependent manner, as evidenced by morphological and histological assessment, as well as biochemical data such as AST, ALT, and GSH. Mechanistic studies further indicate that the effect of SolB on CYP-mediated APAP bioactivation and the regulation of signals involved in liver regeneration may contribute to the hepatoprotection of SolB against APAP-induced liver toxicity.
The metabolic activation of APAP is the most proximal event in the toxicity mechanism, thus it is important to realize whether SolB inhibits APAP bioactivation. It has been reported that in the presence of an inhibitor of APAP metabolism, a high overdose APAP may lead to delayed GSH depletion and consequently less toxicity (Saito et al., 2010) . In the current study, APAP in the absence of SolB during the first 1 h leaded to hepatic GSH depletion of about 65% of the control values. However, in the presence of SolB, the GSH depletion was delayed or less (depletion of about 15% of the control values), suggesting SolB may inhibit the metabolic activation of APAP and result in a delayed GSH depletion. To confirm whether the protective effect of SolB was correlated with inhibition of APAP bioactivation, the effect of SolB on the formation of NAPQI-GSH was further determined. It was demonstrated that SolB at different concentrations can strongly inhibit the formation of NAPQI-GSH in a dose-dependent manner, directly suggesting SolB can significantly inhibit APAP metabolic activation.
APAP-induced hepatotoxicity is initiated by CYP-mediated conversion of APAP to NAPQI. CYP isoforms such as CYP2E1, CYP3A4 (mouse CYP3A11), and CYP1A2 play the most important role in APAP bioactivation (Manyike et al., 2000; Rumack, 2004) . Thus, the effect of SolB on the protein expression and activity of CYP2E1, CYP3A11, and CYP1A2 was further measured. SolB itself induced CYP3A11 and CYP1A2 protein expression but did not affect CYP2E1 expression. Results from the in vitro substrate "cocktail" approach suggest that SolB has no significant inhibitory effect on CYP1A2 activity but SolB exhibits inhibition on CYP2E1 and CYP3A11 enzyme activity which was in line with previous reports (Iwata et al., 2004) , and overall impact of SolB on these two CYPs was inhibitory action which has been previously reported and is called net effect (Abel et al., 2008) . Most recently, it was reported that Schisandra Lignans Extract, which also contains SolB, possesses complicated inducing and inhibitory effect on CYP3A (Lai et al., 2009) . Similarly, induction of CYPs expression but net inhibitory effect on CYPs activity were also observed with other herbs such as St John's wort (Xie and Kim, 2005) . Furthermore, molecular docking analysis with the CDOCKER protocol was used to provide fundamental insights into the mechanism of SolB and CYPs interaction to confirm the inhibitory effect of SolB on CYP2E1 and CYP3A11. The molecular docking results indicated that SolB has distinct high-affinity states with binding sites as a CYP2E1 and CYP3A4 inhibitors, which was in line with the in vitro enzyme activity result. FIG. 6 . Role of p53 signaling and its downstream proteins in SolB protection against APAP-induced liver toxicity. A, Western blot was used to measure p-p53, p53, p21, CCND1, PCNA, CDK4, and BCL-2 protein expression. B-H, Specific band intensity was quantified, normalized to GAPDH. Data are expressed as means 6 SEM (n ¼ 3). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with APAP group, # P < 0.05, ## P < 0.01, and ### P < 0.001 compared with vehicle.
Thus, the net effect of SolB on the CYPs is inhibitory effect on the enzyme activity of CYP2E1 and CYP3A11, which will result in the inhibition of APAP bioactivation and then an important reduction of NAPQI and a decrease in GSH depletion. Therefore, the inhibitory effect of SolB on CYP2E1 and CYP3A11 plays an important role in its inhibition of APAP bioactivation and thus contribute to the hepatoprotective effect of SolB against APAPinduced liver injury. Liver injury is followed by compensatory liver regeneration, which is a critical determinant of the final outcome of liver injury (Dalhoff et al., 2001; Mehendale, 2005) . Liver regeneration is a compensatory regrowth of liver after liver damage. Many genes and signaling pathways, such as cytokines and growth factors, have been identified to initiate or promote this process of liver regrowth. p53 is a tumor suppressor that plays an important role in regulating cell growth, DNA repair, and apoptosis (Shams et al., 2013) . Under severe DNA damage by APAP overdose, p53 is activated to inhibit cell proliferation or trigger cell apoptosis (Zhao et al., 2012) . p21 is one of the main effectors of p53 that induces cell cycle arrest and senescence in response to triggers such as DNA damage and telomere shortening by inhibiting the activity of cyclin-dependent kinase (CDK)-cyclin complexes and PCNA (Choudhury et al., 2007) . The importance of p53/p21 in the regulation of liver regeneration has been studied (Albrecht et al., 1998; Lehmann et al., 2012) . In the present study, the protein expression levels of p-p53, p53, p21, and their downstream targets involved in liver cell proliferation, such as CCND1, CDK4, PCNA, and antiapoptotic protein BCL-2, were also determined. The results show a marked increase in pp53, p53, and p21 protein expression in APAP group, whereas SolB reversed such an increase. In addition, SolB alone and SolB/APAP cotreatment further enhanced the protein level of CCND1, PCNA, and BCL-2, suggesting that uprelation of SolB on CCND1 and PCNA may be involved in affecting cell cycle and proliferation following p53 and p21 signals. On the other hand, upregulation of p53 reduces the expression of antiapoptotic protein BCL-2 to complete the promotion of apoptosis (Weng et al., 2011) . In the current study, down-regulation of BCL-2 by APAP and upregulation of BCL-2 by SolB indicate a relevant mechanism for protection of SolB against live cell necrosis. Therefore, regulation of the p53/p21 signaling pathway and upregulation of CCND1, PCNA, and BCL-2 to promote liver regeneration may also contribute to the hepatoprotective effect of SolB against APAP-induced liver injury.
Taken all together, this study reveals a mechanistic understanding of how SolB protects liver from APAP-induced hepatotoxicity, and emphasizes SolB aim at two distinct stages of APAPinduced hepatotoxicity. Stage I is the restrain stage, in which SolB inhibits NAPQI initiated injury via inhibition of CYPs activity. Stage II is the compensatory regeneration stage, in which SolB down-regulates p53/p21 and upregulates CCND1, PCNA, and BCL-2 signaling pathway to facilitate compensatory tissue repair.
In summary, this study clearly demonstrated that SolB can dose-dependently protect against APAP-induced liver injury, potentially through inhibition of CYP-mediated APAP bioactivation and regulation of p53, p21, CCND1, PCNA, and BCL-2 to promote liver regeneration.
